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ABSTRACT
A slurry heat exchanger is simulated as part of the Solvent Refined Coal - 
I plant to preheat the coal and solvent slurry before hydrogen injection. The 
shell and tube heat exchanger is oriented vertically with upward slurry flow on 
the tube side to minimize the localized solid sedimentation in individual tubes. 
Several experiments were conducted to investigate the effect of particle size, 
particle concentration, and total flow rate on the slurry distribution and local 
slurry flow in each vertical slurry heat exchanger tube.
It is observed that the individual tube flow rates are highest for the central 
tubes and lower for the peripheral tubes. However, with the addition of solids, 
the flow distribution becomes more even. It was found that with the smaller 
particle size solids and higher overall flow rates, the slurry concentration and 
flow distribution become more even.
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NOMENCLATURE
C the average concentration for samples 1, 2, and 3 ( g /m l)
Cs the concentration of the slurry = M J \/r ( g /m l)
Csw weight percent of solid particles in slurry ( % )
C1 ,C2,C3 the solid concentration in the slurry samples 1, 2, and 3 (gm/ml)
Crms root-mean-square of the concentration for the three samples
(ml/sec)
= V{[(C-C1 )z+(C-C2)2+(C-C3)2]/3}
Cerr% the repeatability error = Crms/C *100%
D inner tube diameter ( cm )
Dp diameter of propeller ( cm )
f Fanning friction factor
g gravitational constant = 9.8 m/s2
gc conversion factor = 32.17 ( lbm f t ) /( lbf s2)
L length of the pipe ( cm )
lwf friction loss ( cm )
ms delivered concentration ( volume fraction )
M1, M2, M3 the total mass of slurry in samples 1, 2, and 3 ( gm )
Ms mass of glass beads in the sample ( g )
Mt total mass of the sample ( g )
Mw mass of water in the sample ( g )
N the agitator motor speed ( rpm )
Nu Nusselt number
PrL Prandtl number of liquid or slurry
Q the average tube flow rate for three water or slurry samples 
(ml/sec)
Q1 ,Q2,Q3 the tube flow rate for samples 1, 2, and 3 ( ml/sec )
Qrms root-mean-square of the flow rate for the three samples (ml/sec)
= V{[(Q-Q1 )2+(Q-Q2)2+(Q-Q3)2]/3}
Qerr% the repeatability error = Qrms/Q *100%
ReG Reynolds number based on gas flow
Re Reynolds number based on liquid or slurry flow
Sg specific gravity
Sgsl specific gravity of slurry
std the standard deviation of the samples
T1 ,T2,T3 the sampling time for samples 1, 2, and 3 ( seconds )
Vs the volume of glass beads in the sample ( m l)
Vw the volume of water in the sample ( m l)
VT total volume of the sample ( m l)
V1 ,V2,V3 the sample volume for samples 1, 2, and 3 ( m l)
u fluid or slurry velocity ( cm/sec)
U, terminal velocity of solid particle in fluid ( m/s )
Mb viscosity of fluid at the average fluid temperature ( Pa* se c )
Mr viscosity ratio = p / pw
Mw viscosity of fluid at the average wall temperature ( Pa*sec)
M viscosity of the carrier liquid ( Pa*sec)
p density of liquid ( g/cm3)
Ps density of glass beads ( g/cm3 )
Pw density of water ( g/cm3 )
PsL density of slurry ( g/cm3)
Q Nu * P r1/3 * p/0,14 for water flowing alone
a , Nu * P r1/3 * Pr-0,14 for slurry
X
CHAPTER 1
1.1 Objective
To study the flow and solid concentration distribution of a vertical slurry 
heat exchanger.
1.2 Introduction
During the energy crisis of 1973 and 1974, the United State of America 
experienced for the first time the downside of energy dependency on other 
countries[1]. As OPEC (Oil Producing Economic Community) raised the price of 
crude oil and reduced the crude oil production, gasoline prices soared and 
inflationary pressures in the world economy resulted.
Hence a push by Department of Energy ( D.O.E. ) to find alternative fuel 
sources became economically more feasible such as fuels derived from coal. 
The Department of Energy then initiated many research programs in alternative 
fuel sources such as solar energy, wind energy, and coal conversion.
Of the above alternative energies, coal conversion is the most practical 
one, because the cost of producing coal derived fuels is expected to be
1
comparatively lower than that of solar or wind energy. Massive reserves of coal 
in the North American Continent [1] are readily available and coal can be easily 
transported by rail. The drawback of raw mined coal is its relatively high 
concentration of sulfur and heavy metals. When burned without any treatment, 
sulfur dioxide (S02), a toxic material, is created which has to be scrubbed before 
discharge into the atmosphere for obvious environmental reasons. Also, coal 
cannot be used as motor fuel when it is in solid form. Therefore, research had to 
be conducted to find the most economical coal conversion process such as 
liquefaction processes to improve its heating value and its environmental 
friendliness.
Coal liquefaction is the process where coal and hydrogen are reacted at 
high pressure and temperature with a solvent or catalyst. The primary goal of 
coal liquefaction is to increase the hydrogen to carbon ratio and remove sulfur, 
nitrogen, oxygen, and ash from the coal. The technology is not new. In 1913,
Dr. Friedrich Bergius discovered that by adding hydrogen to coal at a pressure 
of 200 atm (2940 psi) and a temperature of about 450 °C (842 °F), a liquid 
similar to petroleum is produced. Under these conditions, most of oxygen is 
hydrogenated to water, some nitrogen to ammonia, and most sulfur to hydrogen 
sulfide. Later on, research at I. G. Farben discovered the catalysts to speed the 
addition of hydrogen to coal [2].
With the news of successes in coal research in Germany during the mid
1920's, the U.S. Bureau of Mines started a laboratory research program on the 
thermodynamics and kinetics of chemical reactions for the production of alcohols 
and hydrocarbons from carbon monoxide and hydrogen. Research was also 
conducted to verify the Fischer and Tropsch process where a catalytic technique 
is used to produce liquid hydrocarbon from coal. By 1939, gasoline was 
produced in Germany using a coal hydrogenation process at a production rate of 
1 million tons / year. In the early 1950s, the Bureau of Mines constructed and 
operated a demonstration plant at Louisiana, Missouri, using the technology of 
catalytic hydrogenation of coal and carbon monoxide to produce liquid fuel.
After several modifications, three coal liquefaction processes were developed 
such as the Solvent Refined Coal (SRC), Exxon Donor Solvent (EDS), and H 
Coal [2].
The Solvent Refined Coal process starts with pulverized coal which is 
mixed with process derived solvent ( see figure 1.1 ). The mixture is heated 
with slurry heat exchangers and hydrogen is then added before the slurry is 
pumped into the fire tube preheater. The slurry then flows into a dissolver which 
operates at 425 to 470 °C (800 to 878 °F) and a pressure of 10 to 14 M Pa 
(1450 to 2030 psi). With the residence time of 20 to 60 minutes, coal conversion 
of 92 to 95 percent is achieved. A separator is used to collect hydrogen gas 
from the slurry and then scrubbing it with a caustic solution to remove hydrogen 
sulfide and carbon dioxide before recycling it back into the system. A small 
portion of the gas is vented to prevent accumulation of the noncondensables
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(C1-C4 hydrocarbon gases and CO) and the slurry is cooled to 315 °C (600 CF) 
and depressurized to 0.8 M Pa (116 psi) before it is filtered. The filtrate is 
vacuum distillated to separate the solvent form the nondistillable product (SRC) 
while the solvent is recycled back into the process. The SRC produced is 
solidified by cooling and has a sulfur content of .6 to .9 percent and a heating 
value of approximately 37.2 MJ/kg (16,000 BTU/lb) [2],
The Solvent Refined Coal (SRC) process was initiated by Pittsburgh& 
Midway Coal Mining Co. in the early 1960s. In 1982, a demonstration plant was 
built by Air Products and Chemicals, Inc. in Allentown, Pennsylvania with 
funding from the Department of Energy. However, the funding diminished as 
crude oil became abundant creating the fall in prices of crude oil in the mid 
1980s. The project was shut down before all the research was completed and 
the present investigation of flow in a vertical slurry heat exchanger was one of 
the unfinished project's objectives [3],
In the SRC-1 process, a two phase solid - liquid flow system exists in the 
slurry heat exchanger ( before the hydrogen addition ) and in the slurry cooler 
after the separator. The major concern in the slurry heat exchanger is the 
possibility of plugging the exchanger tubes as a result of maldistribution 
resulting in the potential for poor heat exchange. If a significant amount of the 
exchanger tubes are plugged, the heat exchanging efficiency will decrease. 
Also, with less tubes in service, the flow rate will decrease and will further
6
decrease the efficiency of the heat exchanger and increase the demand for 
pumping power. Therefore, the study of the effect of particle size, particle 
concentration, and total flow rate on the slurry distribution and local flow rate in a 
vertical slurry heat exchanger is required to properly design the slurry heat 
exchanger [3],
The result of this research can be used in many other applications in 
chemical plants which have to handle slurry flows such as the leaching of ore 
process where heat is usually supplied by natural gas or active steam injection. 
The unleachable materials are usually discarded without recovering the waste 
heat due to the difficulty of handling slurry in a heat exchanger. With the result 
of this research, waste heat may be recovered hence increasing savings for 
many chemical plants.
1.2 Literature Survey
The recent literature does not have many citings on research for the topic 
of vertical shell and tube slurry heat exchanger. Moujaes [4] studied the upward 
vertical slurry turbulent flow in a single tube. The experimental results indicated 
no appreciable axial gradient exists in the tube for #140 and #60/80 mesh sand 
and water slurry flow. However, the slurry radial concentration profiles are more 
pronounced with increased particle size. The radial concentration profile is 
suspected to be caused by the wall effect and the fact that transverse forces act 
on the larger particle sizes to drive them to the core region. The solid
7
concentration is maximum in the center of the tube and minimum near the tube 
wall with the flow pattern being in the turbulent regime. This result is 
substantiated by Lee and Durst [5],
Bugliarello and Hsaio [6] studied phase separation in suspensions flow 
through flow bifurcations. Neutrally buoyant, rigid , spherical particles with a 
particle size of 600 ,um were used in the experiment. A particle-deficient layer 
near the wall was observed at high particle concentrations. At the lower 
concentrations, the layer became more difficult to define. Also, it was observed 
that the variations in flow rate on the particle concentration distribution were not 
very pronounced.
Usui, Yamasaki, and Sano [7] studied the heat transfer of coal and water 
mixture in a vertical tube where the flow was in the laminar flow regime. At room 
temperature, no dependence between the heat transfer coefficient and the coal 
concentration was observed where the coal and water mixture heat transfer data 
showed that the mixture is still considered to be a Newtonian fluid. However, the 
result is different from Suzuki, Tsutumi, and Yoshida [8] and Ninomiya, Mori, lyo, 
and Hirado [9] where the heat transfer coefficient in the laminar flow regime 
increases with increases in coal concentration. Also, Usui [7] discovered that 
the viscosity of coal and water mixtures increased with increasing temperature 
and where pipe pluggage was observed at 150 °C.
Liu, Choi, and Kasza [10] studied the pressure drop and heat transfer 
characteristics of nearly neutrally buoyant particulate slurry in a horizontal pipe 
for a range of Reynolds numbers between 28,000 to 200,000. From the study, 
the pressure drop was not found to increase significantly relative to water at low 
to moderate (< 30 %) particle volumetric loading. The heat transfer for the slurry 
with 3.2 mm diameter particles is higher than water only. However, the heat 
transfer rate decreases for the slurry with 1.3 mm diameter particles. This may 
explain the discrepancy found between Usui [7] and Suzuki [8],
Okuma, Mae, and Hirano [11] experimented with coal and solvent slurry in 
a single vertical tube. The flow rate was within the laminar regime ( Re = 40 to 
250 ). The heat transfer between the vertical pipe and the slurry was observed 
to depend on slurry velocity, coal concentration and the physical properties of 
the slurry. The micro-convection of coal particles in the slurry increased the 
heat transfer and its effect was represented by an effective thermal conductivity 
of the slurry. The overall heat transfer coefficient is found to be related to slurry 
thermal conductivity, slurry coal concentration, slurry flow rate, the Peclet 
number, slurry specific heat, the input electrical power, the preheater pipe length 
and the inner pipe diameter.
Sivasubramanian , Ying, and Givens [12] investigated the solid 
concentration distribution and accumulation of an air/water/sand system in both 
a 5 inches and 12 inches diameter columns where different particle sizes were
9
examined. For the small particles, the particles behaved similarly to the liquid 
phase. However, the large particles showed a substantially lower degree of 
axial dispersion i.e. larger concentration gradient profiles.
Konno, Harada, Toda, Kuriyama, and Saruta [13] experimented with 
water-suspended spherical glass bead ( 350 micron ) system using 1.28 and
1.90 cm diameter tubes with vertical upflow to study the heat transfer 
characteristics. For the 1.28 cm diameter tube, the heat transfer coefficient was 
found to be almost the same as water flow only as predicted by Sieder and Tate 
correlation when the Reynolds number is above 10,000. However, the Sieder 
and Tate correlation is no longer valid when Reynolds number is below 10,000. 
A very slight decrease in heat transfer coefficient with increasing solid 
concentration was observed in the Reynolds number above 10,000. When the 
Reynolds number is between 4,000 to 10,000, the heat transfer coefficient 
decreases with increasing solid concentration. When Re number is below 
4,000, an increase in the heat transfer coefficient was observed with increasing 
solid concentration. For the tube diameter of 1.9 cm, the same pattern has been 
observed as with the 1.28 cm diameter tube. Only the Re range has shifted to 
the right side i.e. greater than 20,000 ( no effect of solids on heat transfer 
coefficient), between 7,000 to 20,000 ( decrease in heat transfer coefficient with 
higher solid concentration ), and below 7,000 ( increase of heat transfer 
coefficient with solid concentration ).
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A gas-liquid-glass spheres vertical upflow system was studied by Hatate, 
Tajiri, Fujita, Fukumoto, Ikari, and Hano [14]. The solid particles concentration 
from 5 to 54 wt% and 0.2 to 57 wt% in the slurry were used, respectively, with 
two column diameters of 1.5 cm and 2.7 cm. The experiments were carried out 
in the turbulent flow regime. A higher heat transfer coefficient for the three 
phase system than the gas and liquid two phase system in the range of 0-40 
wt% solid concentration was observed. For the particle size in the range of 30 to 
100 pm, no change in heat transfer rate was observed. The solid concentration 
gave slight changes in the heat transfer coefficient which were maximum at 20 to 
30 wt%.
From the above survey, most of the studies are made in a single tube, but 
no study of the flow profile or concentration distribution for the actual tube 
bundle heat exchanger was carried out. Due to the size and apex angle of the 
conical head, the flow profile and concentration are expected to be a function of 
the location of any particular pipe in the transverse direction to the flow. Thus, 
the individual heat exchanger tube heat transfer coefficient is expected to be 
different from one tube to another. By studying the slurry flow profile, a 
knowledge can be gained to eventually predict the profile's effect on the heat 
transfer coefficient of the actual multi-tube heat exchanger.
CHAPTER 2
2.1 Experimental Apparatus Description
The experimental apparatus which simulates the tube side of a vertical 
slurry heat exchanger consists of a 55 gallon drum, an air actuated diaphragm 
pump ( Sandpiper pump ), a vertical tube bundle with 27 (3/4" in diameter) 
schedule 40 pipes and an electrically driven agitator to keep the slurry 
suspended in the tank ( see figure 2.1 ). The 55 gallon drum is connected to the 
air actuated diaphragm pump by a 2" shower drain at the bottom of the drum and 
2" PVC schedule 40 pipes. A 2" ball valve is installed at the pump suction and 
discharge lines. A rubber coupling is installed at both the suction and the 
discharge side of the Sandpiper pump to dampen the vibration from the pump. 
During operation, the vibration from the pump was discovered to be so strong 
that the shower drain seal was damaged. To solve the problem, two more 
rubber couplings were installed at the pump suction piping which allowed the 
elbow and a section of the pump suction pipe to be suspended from the rigid 
piping which caused the vibration force to be dampened by the rubber coupling. 
A steel wire attached to the frame of the equipment was used to provide support 
for the horizontal section of the pump suction pipe.
11
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By installing additional rubber couplings, the vibration force from the 
pump to the 55 gallon drum has been noticeably decreased. However, the 
vibration was still high when the air supply pressure to the Sandpiper pump rose 
above 186kPa (27 psi). Another source of the vibration was discovered as the 
pump was set on two steel strips of 1.27cm (1/2") width with their ends bolted to 
the frame and created a sideways rocking action of the pump parallel to the two 
steel strips. Another attempt to stabilize the pump was tried by removing the 
steel strips, so the pump was no longer attached to the frame and a foundation 
for the pump was built to elevate it. The foundation consisted of two plywood 
boards with a long bolt at each corner of the plywood. A total of 4 steel bricks 
weighing about 226,796 g (500 lb) were placed in between the plywood boards 
to increase the mass of the pump. However, during the experiment, it was found 
that the vibration has decreased, but not eliminated. As a consequence the 
pump position changed and a pull on the pump discharge rubber coupling 
caused a severe flood condition in the laboratory. To correct the problem, the 
steel strips were placed back in between the equipment frame and the pump 
foundation, to connect them together, which forced the vibration to move the 
whole equipment as well as the pump and this seemed to work best.
At the Sandpiper pump discharge is an inlet metal cone which leads to 
the vertical slurry heat exchanger composed of 27 ( 3/4" in diameter ) Schedule 
40 PVC pipes. The cone is 30.5cm (1 foot) tall with an inlet diameter of 5.08 cm 
(2") at the bottom and 22.9 cm (9") at the top. The PVC pipes are joined to the
14
top of the cone by a Plexiglas plate with 27 threaded holes. The pipes are 
arranged in an equilateral triangular pitch with 3.81 cm (1.5") between the 
centers of the pipes. Due to the spacial constraint between the pipes ( less 
than 1.27 cm or 1/2"), sample collection from the side of the pipe was extremely 
difficult. Hence a decision was made to sample pipes from the end of each pipe 
which required maintaining approximately the same pressure drop across it to 
replicate conditions found in the actual heat exchanger arrangement.
Recognizing that with the flow velocities in the actual case being of the order of
0.436 to 0.701 m/sec (1.43 to 2.3 ft/sec), it was realized through calculation ( 
Appendix 2 ) that the elevation would influence the static pressure drops more 
than pipe friction. So by maintaining the same elevation for the sampling points 
of all pipes, conditions duplicating the real setup would be met. To achieve that, 
an elbow was fitted to the top of each individual pipe with the other end of the 
elbow pointing downward toward the 55 gallon drum. A total of 6 levels with
1.91 cm (3/4") elevation difference between each row of pipes was formed at the 
top of the tube bundle to allow for all pipe hookups to the flexible hoses. A 3/4" 
PVC pipe with a length of 10.2 cm (4") was connected to each individual elbow. 
A 1" hose was then connected to the 3/4" PVC pipe and these hoses of equal 
length was then brought to the same elevation before discharging the slurry into 
the drum.
Initially, the hose discharge elevation was made higher than the tallest 
pipe on the vertical slurry heat exchanger to prevent the formation of air pockets
15
in the hose. However, the solids settled in the hose causing plugging of the 
pipe. Therefore, the heat exchanger was elevated by increase the length of the 
2" PVC piping at the bottom of the heat exchanger to about 66.0 cm (26"). This 
change placed the lowest pipe elbow for the heat exchanger higher than the 
common discharge elevation from all the hoses. This change also improved the 
flow distribution in the heat exchanger coming from the cone and was due in part 
to having about 10 diameters of pipe length down stream from the elbow for fluid 
redevelopment. To eliminate the possible formation of air pockets in the hose, a 
reducing elbow of 3/4" to 1/2" was placed at the end of the hose whereby 
samples were collected at the discharge of that reducing elbow. This elbow 
arrangement improved the flow behavior into the mixing tank.
To collect the returning slurry to the drum, a 1.52 m (5 feet) long, 0.610 m 
(2 feet) wide, and 0.457 m (1.5 feet) deep hopper was built. The hopper was set 
on top of the 55 gallon drum with plastic bags being taped to the hopper and 
wooden supports were used under the hoses to prevent slurry from splashing 
out of the hopper.
An agitator was used to provide adequate mixing to keep the glass beads 
suspended in the water. Initially, the laboratory did not have a readily available 
three phase outlet, hence a single phase 1/3 H.P. electric motor was used to 
provide mixing. However, as the concentration of glass beads increased, the 
electric motor load also increased which finally burned out the motor. A new
motor size was calculated ( Appendix 3 ) at 3.11 H.P. to achieve a well mixed 
condition with a pitched-blade style propeller [15]. A disc type blade with 6 
bends on the edge was used in this application. Knowing that the drag force of 
the propeller to be significantly lower than the pitched-blade type, the motor 
horse power requirement was estimated to be half of the pitched-blade type 
propeller, thus a 1.55 H.P. would be needed and included a safety factor of 10 
%. A 1.5 H.P. motor was readily available for this project and was used with no 
further problems developing afterward.
An air strainer and regulator were installed on the supply air line to the 
Sandpiper pump. The flow rate for the system was controlled by adjusting the 
air supply regulator. Three air pressures 103, 138, 172 kPa (15, 20, and 25 psi) 
were chosen as the compressor capacity was a limiting factor. Only about 0.283 
m3/min (10 scfm) could be produced in the laboratory compressor which could 
operate the Sandpiper pump at 186 kPa (27 psi) in a steady state manner. A 
maximum air pressure of 172 kPa (25 psi) was chosen which reduced air 
pressure fluctuations potentially caused by others using the compressed air 
system around the building.
2.2 Operating Procedure
1. Add 136 liter (36 gallons) of water into the 55 gallon drum.
2. Depending upon the particle concentration required, weigh the 
appropriate amount of glass beads and add into the 55 gallon
17
drum.
0.0809 g/cm3 (5 lbm / ft3) 11,277.16 grams of glass beads
0.160 g/cm3 (10 lbm / ft3) 23,326.73 grams of glass beads
0.240 g/cm3 (15 lbm / ft3) 36,230.89 grams of glass beads
3. Make sure the pump suction and discharge valves are open.
4. Check for any leak in the system.
5. Start the pump by opening the air supply valve. Adjust the air 
regulator to obtain the maximum flow rate.
6. When full flow is established in all the pipes, adjust the air 
regulator to obtain 103, 138, and 172 kPa (15, 20, and 25 psi) air 
pressure depending upon the flow rate required.
7. Start the agitator by plugging into the three phases electrical outlet 
to create mixing between the glass beads and water.
8. Use a stop watch and a 1000 ml cup to collect samples from each 
individual pipe. Record the sampling times in the data sheet.
9. Weigh the sample and record it in the data sheet.
10. Pour the sample into a 1000 ml graduated cylinder for volume
measurement. Make sure the solids are transferred into the 
graduated cylinder, too.
11. Repeat steps 8 to 10 twice for the same pipe to obtain three 
samples for each pipe at each experimental setting.
12. Repeat steps 8 to 11 for all 27 pipes.
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CHAPTER 3
3.1 Experimental Results
Instead of drying each sample to determine the solid concentration, the 
slurry total mass and total volume were measured. From these variables, the 
solid concentration can be calculated ( See Appendix 4 ). This calculation is 
based on the fact that glass beads are impermeable to water.
The experimental results were calculated and tabulated in Appendix 1. 
The flow rate was reported in ml/sec and the slurry concentration in gm/ml of 
slurry volume for each tube with different particle concentrations, particle sizes, 
and air pressures for the pump were plotted and presented as a three 
dimensional graph for visualizing the profiles ( see figures 3.6 to 3.44 ). Also, 
the normalized flow rates ( Q/Qmax) and concentrations ( C/Cmax ) are plotted 
against the number of tubes ( see figures 3.1 to 3.5 ). A range starting from 0.5 
to 1.0 with 0.1 increments for the normalized flow rate and concentrations was 
chosen as a method to tally the number of tubes whose slurry concentration or 
flow rates fall within a certain range. Also, the standard deviations of Q/Qmax 
and C/Cmax were calculated by the formula std = / { £ (  X - x )2 / n } and 
presented on figures 3.1 to 3.5. The graphs represent the distribution density
21
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profile of either flow rate or concentration in the tube bundle while the values of 
the standard deviation give a quantitative value of the spread of the values from 
the mean. It is meant that the graphs and the standard deviation values be used 
simultaneously to quantify differences between the distribution of the flow rates 
and solid concentrations of the heat exchanger tubes as a function of the 
parameters studied.
The graphs for the normalized flow rate versus the number of tubes and 
the standard deviations indicate that the higher the overall flow rate for the slurry 
is, the more even the distribution of flow rate in the tubes is as shown in figure
3.2 RF 2, 3, 5, 6, 8, and 9 and figure 3.3 RF 11, 12, 14, 15, 17, and 18. Also, 
this observation is supported by the standard deviation of the Q/Qmax for RF 2, 
3, 8, 9, 11, 12, 14, 15, 17, and 18. As the flow rate increases, the standard 
deviation decreases. RF5 and 6 are the only exception which is probably due to 
the sampling errors where one or a few data are significantly different from the 
norm. By comparing the standard deviations, one observes a slightly lower 
value for the 250 micron particle size than the 120 micron with the exception of 
RF6 and 15 which indicate that the flow distribution is more even for the larger 
particle size than the smaller. No effect of the overall particle concentration on 
the flow distribution was observed.
A slightly more even solid concentration distribution has been observed to 
exist, irrespective of particle size, when the overall flow rate is increased as
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shown by the standard deviations and the graphs for RC5, 6, 8, 9, 11, 12, 17, 
and 18. Also, increasing overall solid concentration increases the flatness of the 
solid concentration distribution amongst the pipes as shown by the graphs and 
standard deviations for RC 5, 8, 3, 6, 9, 11, 14, 17, 12, 15, and 18. Between 250 
and 100 micron particles it is observed that the 100 micron size has a much 
more even solid concentration distribution in the tubes ( comparing the standard 
deviations of RC2, 3 ,5 ,6 , 8, and 9 to RC 11, 12, 14, 15, 17, and 18). This 
phenomenon can be explained by the relative magnitude of forces on the 
particle. To keep the solid particle suspended in the liquid, the liquid exerts a 
drag force on about half of the spherical surface area ( 2nr2 ). Simultaneously 
the particle is exerting a gravitational force on the liquid which is related to the 
mass of the particle and is a function of the particle volume (4/3 nr3) considering 
the density of the particle is a constant. When the particle size is halved i.e. 
from 250 to 120 microns, the surface area is decreased to one fourth which 
reduces the drag force to one fourth. However, the particle volume will decrease 
to one eighth its original value thus the gravitational force will decrease to one 
eighth its initial value. Therefore, the smaller particles will tend to suspend 
better and show more of a homogeneous behavior in the liquid, i.e. meaning 
more even solid concentration distribution amongst tubes.
During the experiment, it was found that the air supply pressure to the 
Sandpiper pump was limited to 186 kPa (27 psi) as a maximum steady state 
available. By inspecting the compressor, it was realized that the air compressor
30
for the laboratory is rated to deliver 0.283 m3/min (10 scfm) at 690 kPa (100 psi). 
It was found that 0.283 nrrVmin (10 scfm) compressor is not enough to operate 
the Sandpiper pump over a wide range of flow rates. The pump curve for the 
Sandpiper pump confirmed this finding. Therefore, 103, 138, and 172 kPa (15, 
20, and 25 psi) supply air pressures were selected to operate the pump and give 
a reasonable spread in the flow rates which would be relevant to the case being 
simulated.
A pump head requirement calculation [16] was performed with water 
flowing only and using an air pressure of 172 kPa (25 psi) to determine the 
maximum air consumption of the pump ( see appendix 7 ). The maximum total 
flow rate measured through the system is 5909 ml/sec ( 93.65 gpm ). The 
average velocity for the heat exchanger tubes ( 63.6 ml/sec) is used to calculate 
the friction loss in the pipes. The total head required is 6.55 ft. This result is in 
agreement with the pump curve at 25 psi air pressure and 93.65 gpm. The air 
consumption is about 0.850 m3/min (30 scfm). Although the compressor is rated 
at 0.283 m3/min (10 scfm) at 690 kPa (100 psi), more air can be generated at a 
lower pressure. In this case, 0.850 rrrVmin (30 scfm) is generated at 172 kPa 
(25 psi).
3.2 Discussion
The need to have a vertical heat exchanger arrangement rather than a 
horizontal one is due to the fact that with a horizontal case a much larger flow
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velocity is needed in each pipe to achieve a non-plugging condition in general. 
This means a lower pumping power would be required in the vertical one as 
compared to the horizontal one.
It was found that the flow rate and the solid concentration for the center 
pipes of the heat exchanger are consistently higher than the other pipes as 
shown in Figures 3.6 to 3.44.
Some of the effects of individual tube slurry flow rate and concentration 
on heat transfer coefficient in the turbulent flow regime can be deducted from 
studies by Konno [13] that the Re numbers of 4,000 and 10,000 are transitional 
numbers for change in the heat transfer coefficient in a 1.28 cm diameter tube. 
Below 4,000, the heat transfer coefficient increases with increasing solid 
concentration. Between 4,000 to 10,000, the heat transfer coefficient decreases 
with increasing solid concentration. Greater than 10,000, the effect of solids 
concentration seems to be negligible on the heat transfer coefficient. The heat 
transfer coefficient of water only with Re of 10,000 or higher can be predicted by 
Sieder-Tate correlation and shows that the heat transfer coefficient increases 
with Re number. For the 1.9 cm diameter tube the heat transfer transitional 
points are shifted to 7,000 and 20,000 for Re number. The Sieder-Tate 
correlations are as follow:
Nu PrL'1/3 ( Mb / pw )-°-14 = 1.86 Re1/3 ( L/D )'1°
Re <2100
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Nu PrL'1/3 ( Mb / |Jw J-014 = 0.027 Re08
Re > 10,000 , .7 < PrL < 700 , L/D > 60
Their study presented a very complicated empirical correlation of the 
difference between heat transfer coefficients and the slurry and water only flows. 
The correlation includes the effect of solids concentration, density and total flow 
rate.
4 ~-9,c i , C2*10'calc<' ft’ ' c< C 5  tarr1[C6((log — )2-C7)].C8 
O* C4
where - n / 2 s  tan-1 0 <; n / 2, L/D = 78 
C1 =0 .67-2 .1  * P * B
C 2  = [4 5 *S 'a4*ms + (0 .5 (1- 10-(10tos)3)) + 1.5 ] e <1/10Q̂3-B
C3 = 8.13 * S0-25 ( d / D )M  * B + 0.4 ( 1 - B )
C4 = ( ut*D*p ) (1 - 1O-250ms) / 2p + 50 (1 - B )
C5 = ( 0.76 -1.24 ms ) ( S’0080 ) / n
C6 = ( 9 -100 P ) B +2
C7 = (3.5 + 0.045*S'2,5*B)*10'17‘P‘B + 2.43 (1 - lO’100"13 )*S-°-14*ms°-33 
C8 = 0.33 - 0.6 ms
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where
B = 1 -1  o-500ms
S = ( Ps - Pw ) / Pw
P = ( 5 Fr * S'1'5 +0.5 ) /100
The present experimental study has a range of Re numbers between
7,000 to 15,000 and seems to fall in the Re number range between the two 
transitional Re number values for the 1.9 cm diameter pipe of Konno's 
experiment [13]. Inside this range, slurry concentration seems to have a 
significant effect on the heat transfer coefficient. As pipe slurry concentration 
increases, the heat transfer coefficient decreases. Hence, this study indicates 
that care must be taken in predicting the overall heat duty of a slurry heat 
exchanger as a function of the local pipe Reynolds number.
Then studies by Hatate [14] generated the following equation to correlate 
their water-air- glass beads system.
Nu PrL'1/3 ( pb / pw )-°-14 / ReG0 055 Re02
= 10.5 exp [ -.000318 ( Csw - 22 )2]
The experimental data fit the equation within ± 30%.
The particle sizes that were used in Konno and Hatate's experiments are 
350 pm and below 100 pm respectively which are different particle sizes than 
those used in this experiment of 120 micron and 250 micron. The solid
concentration is about 2.46 to 21.7 for Konno's experiment comparing to our 
experiments of 7.64 to 21.0 wt%. The pipe diameters of 1.28 to 1.9 cm in 
Konno's experiments are somewhat different from this experiment of 2.093 cm. 
The Re number of the slurry flow for Konno's experiments are between 800 to
40,000 whereby the Re number is calculated using the slurry velocity, inside 
diameter of the tube, slurry density, and the viscosity of water only. A further 
study of the behavior of the heat transfer coefficient due to particle size and 
concentration is recommended.
Even with the existence of some plugged tubes ( at a pump air supply 
pressure of 103 kPa or 15 p s i) the data still indicates that the overall solid 
concentration and particle size affect the flow distribution very little as shown by 
the graphs and standard deviations of RF 1, 4, 7, 10, 13, and 16. However, the 
concentration distribution is significantly affected by the particle size, with 
smaller particles showing a more even concentration distribution than larger 
ones as shown by the charts for RC 1, 4, 7,10, 13, and 16.
The number of plugged pipes seemed to be slightly affected by the 
average slurry concentration. It was noticed that about 4 to 5 pipes were 
plugged at a pump pressure of 103 kPa (15 psi). For the 250 micron particle, 4 
plugged pipes occurred at the particle concentration of 0.0809 g/cm3 (5 lb/ft3) 
and 5 plugged pipes at 0.160 and 0.240 g/cm3 (10 and 15 lb/ft3). For 120 micron 
particles, 4 plugged pipes occurred at the particle concentration of 0.0809 and
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0.160 g/cm3 (5 and 10 lb/ft3) and 5 plugged piped at 0.240 g/cm3 (15 lb/ft3). To 
prevent plugging, it is recommended that an average fluid velocity in each pipe 
should be maintained above .513 m/sec. This average fluid velocity is 
calculated as the lowest total flow rate inside the heat exchanger at 138 kPa (20 
psi) air pressure divided by the total flow cross-sectional area of the 27 pipes.
Tube ID is 2.093 cm
Cross sectional area of each tube = n ( 2.093 )2 / 4 = 3.44 cm2
Total flow area = 27 ( 3.44 ) = 92.9 cm2
Velocity = ( 4763 cm3/sec) / ( 92.9 cm2 ) = 51.3 cm/sec = .513 m/sec
It was also found that the concentrations of the glass beads in the 
individual tubes are consistently lower than the anticipated overall average 
concentration based on the amount of water and the glass beads used in the 
experiments i.e. RC3 has a measured average concentration of 0.07406 g/cm3 
while the slurry concentration should be 0.0809 g/cm3 ( see Appendix 1 and 6 or 
table 3.1 ). This is most likely due to the use of a flat bottom drum. Although the 
agitation is vigorous, a small amount of glass beads still may have settled to the 
bottom of the tank, thus lowering the average pipe concentration. To eliminate 
the problem in the future, a tank with a cone bottom should be used.
It was observed also from the three dimensional plots (figures 3.6 to 
3.44), the tubes flow rates seem to be lower at one side of the heat exchanger 
where number 27 tube is located. This is probably caused by the fluid flow
skewness distribution in the pipe upstream of the tube bundle. Although the 
straight pipe is 73.7 cm or 29 inches ( about 14.5 pipe diameters ), it may not 
have been enough length of straight pipe to allow the fluid flow to redevelop 
completely before entering the conical section. Adding to this some obliqueness 
of the pipes from the true vertical direction could have contributed to this 
phenomenon.
The upward shell and tube heat exchanger is expected to have the 
similar problem as the downward flow heat exchanger - the peripheral tubes 
shall have less flow than the center tubes. However, with the downward 
gravitational force on the solids and the liquid, the slurry flow distribution in the 
heat exchanger shall be substantially more uniform than the downward heat 
exchanger which will improve the heat transfer efficiency.
3.3 Error Analysis
To assess the accuracy of our experimental values, an accuracy of the 
measurement and calculations was carried out ( see Appendix 8 ). For the slurry 
flow rate and concentration measurements, an experimental error of ±10.6 % 
and ±0.5 % respectively is expected. The calculation factored in human error 
assuming the response times needed to stop the stop watch is about 0.5 
seconds. However, some sampling times may experience higher errors due to 
the inconsistency of the human factor.
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The repeatability error for the flow rate measurements are mostly below 
±5% for both particle sizes ( see Appendix 1 ). This is a strong indication that 
the pulsation of the air actuated pump did not affect the results. The 
repeatability error for the solid concentration at 250 micron glass beads is 
approximately ±10% while that for the 120 micron glass beads is below 3%.
The larger error is probably caused by the size of the measuring sample and 
pulsating nature of the flow.
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CHAPTER 4
Conclusions and Recommendations
1. It was found that the heat exchanger central tubes have higher flow rates 
and solid concentrations than the peripheral tubes.
2. An increase in the overall flow rate will increase the evenness of the flow 
distribution.
3. For the smaller particle size (120 micron ), the solid concentration 
distribution is more evenly distributed than the larger particle size (250 
micron).
4. The solid concentration distribution is flater as the overall solid 
concentration increases.
5. The effect of solid particle concentration and flow rate on the heat 
transfer coefficient in the tested Re number range can be estimated from 
the study by Konno [13]. Higher concentration indicates lower heat
77
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transfer coefficients. However, more single tube heat transfer 
experiments need to be performed with particle sizes simular to the ones 
tested here.
For the heat transfer study of the vertical slurry heat exchanger, a cone 
bottom tank should be used to minimize the solid settling problem in the storage 
tank. A study to observe the effect of the conical section's apex angle on the 
flow distribution and solid concentration in the various pipes should be 
performed. A longer straight pipe before the tube bundles entrance should be 
used to achieve better flow distribution and a larger air compressor capable of 
producing 2.83 m3/min (100 scfm) is needed for the Sandpiper pump to increase 
the spread of the range of achievable slurry flow rates.
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Is- î-h-COCOCON- Is- COIs- f- h-COr - r - Is- (OIs- Is-
O;
c o  O i\to \'* t\ '< -<J> T-|lO 
t -  ; C O | t -  
O  j CN 
C M ; CN 
CM CN
r - r - .  
Is-  cd
CM
O! CO o  
co cd
T f | t -
c o i r -T-lCO
c-lco
CD
CO
CDllO 
t -  h -
O
CM
O!
co
Tf
r  ^
To
ta
l 
53
24
.0
77
 
6.
27
91
65
 
56
.6
60
1
Av
er
ag
e 
19
7.
18
8 
0.
23
25
62
 
2.
09
85
22
144
o o
in
in
incn
o
o
t n im iin  tn  
c d  n - I co  o> 
0 0 0 0co
LL.
CO
CD
in
CO
in
c o
CD
Is-co
o
co
CD 
<J > 
CN
CD
CO
CN
CO
CN
CD
CO
03
CN
COr f
CD
03
CN
CO
CO
co
CN
CO
T T
CO
CN
CO
CD
in
co
CD
c o
CO
CO
CD
CD
CD
CD
CO
CD
o
CN
CO
CO
CD
d
CO
in
c o
co
in
in
CD
CO
o
in
co
03
d
CN
CD
CD
CO
CD
03
O
CO
03
CO
CO
03
d
c o 03 CO
03CO
d
03
o
in
inco
CN
c o
in
c o
CO
CN
Is-
o
Is-
03
CO
CO
CN
CO
o
CN
O
CN
CO
10
03
o
03
CD
CD
CO
c o
d
CN
CO
CO
CN
o
CO
o
CD
i n
CO CO
CN
i n
CO
CO
CO
03
CN
i n
CO
CN
CN
10
CO
03
CO
c o
d
CN
i n
03
CO
CO
CD
03
5
CN
CO
CO
in
CN
T—
co
o
in
CO
CO
03
CD
N .
CO
o
CO
o
CD
CO
CO
03
CO CO
o
03 03 03
d
CO
o
CO 00CO
o
CN
CD
CN
o
CD
T “
in
CN
03
s
CO
Y”
h -
CO
03
CO
03
CN
03
CN
CN
CO 03
CO
03
in
CO
N *
CN
CO <0
CN
03
CO
CN
o
CO
o
o
CO
CN
o00
CN CD
i n
CN
CN
o
o
i n
CO
CN
i n
CO
CN
CO
CO
CN
o
co
CN
CN
10
CO
CN
CN
CN
CO
CN
00
CN
d
CN
CO
COrf 03CO
CO
03
CO
CN
CO
CO
CO
CN
i n
<0
CD
CN
CO
CN
rf
CO
i n
i n
i n
03
co
03
i n
CD
i n
Is-
i n
CO CO
i n
c o
03
i n
03
CO CO
N -
CO
CO
CN
o
CN
CD
Is-
h -
03
i n
o
CD
CO
CN
03
CDCD
03
CD
CN
03
CO
CD
03co
03o 03
in
03
co
cd
co
co
CD
CO
co
03CD
co 03co 03
N . CO 03 CN s . 03 r r r - 03 CN Y— r f c o Is- r - - CO to T ” CD CO CO 03 N - CN CO Is- CO
O CO CO T -* CO O CD r f r r in T— Is- Y ~ Is- c d CO T “ 0 O CO r - 03 r f CN cq
c d c d in in in cd cd r f d r f r f r f d in in CN Is-' 0 cd Is- ' 03' Is- in h -‘ r fCD CO 03 in Is- Y— r r in Is- 03 0 in r * CN CN co 0 0 CN in CO CD CO CO 0 0 CO 03CC CN in 0 r- CO r r r f 03 CO in 03 CO CN CN in r r CO 03 co rT Is - CO r f Is- in CO in
CO CO CO rT CN CN CN CO CO in CN r f CN Y— r r Y— Y*“ CO CN CN CN CN CO CN CN
T“ Y“ T— y— T“
Y” T” Y“ Y“ T“ Y— Y— Y-* T” Y— T — T“ Y“ Y— T ” Y“ Y"*
CO CD N . 03 0 3 in Is- rr 03 CO Is- r- CN CN r- Y— 0 3 CO co CO CO CD CN T~ Is- r f
r r CD CN CO in y— CN 0 O 0 co 03 O CN Is- CO Y“ r f T “ r f r r (O 03 CO Y“ m r f
r - CD CO 03 0 3 r r CO CN CO r r r f to CO O 03 0 O CO O ) 03 Y“ in O O O CN r ^
CD CO in 0 0 3 in CD CO CN h - CO in CO r f ' CN O CO 0 Is- r f CN CO r f
D 03 CO 03 r r 0 3 CN CO 03 r r CD in cd CO 0 3 c d CO 03 p Is- CO CD p CN r f p Y— p
03 CD in r f d CO cd CD c d c d CD CD CN T— CO in c d r r in CO in r fin in in CD in in in CD in co in in r f CD in in IO in in in in m m in in
c o CO CO CO Y - co CO CO CO CN in CO CO r- CO CO CO r r 03 c o 00 r r 03 in T _
CD T f in CD in CD 0 CO 03 co CO <D CD £ 03 in CO in CO 0 3 03 CD S9 CNr f 4 in in 0 r r CN CO CO 3* O in £ CD Is- co CN 03 Is- h - CO r f r r
CO 03 CD in r r CN 0 CO Is- in in CO c o 0 3 Y— in r — CN 03 Y— CD 0 in CN r r CN 1? )
b Is- CD in Is- 0 3 in 0 0 CO 0 3 9Qc o CD CN Is- CD Y” O 03 Y-“ Is- 0 Is- in r f 0<D T— CO Is- CO 00 cd 0 3 03 03 in 55 r- CN T — N ; CO GO r - 03 CO r f cq 00 p CD cq(J c d CN 00 cd r f Y“ Y— CN Y“ * T“ 0 Y - CN Y-“ CN CN CN O d O r t d cd O c d 69
.6
61
87
 
std
 
st
d 
2.
58
00
69
 
0.
06
16
35
 
0.
03
28
16
APPENDIX 2
145
146
The Pipe Pressure Difference Calculation 
The highest flow rate in the individual pipe occurred in water only at 25 psi 
Q = 253.5 ml/sec = 253.5 cm3/sec 
For 3/4" schedule 40 PVC pipe
3/4 " schedule 40 PVC pipe has inside diameter of 2.093 cm 
u = ( 253.3 crrrVsec ) {4  / [( n ) ( 2.093 f  cm2 ]} = 73.68 cm/sec 
Re = ( 2.093 cm ) ( 73.68 cm/sec ) ( 1g/cm3 ) / .01 g/cm s = 15,421 
PVC pipe ===> smooth pipe 
f = .0069
quantitv description Le
2 90 elbow 2 ( 2.2')
1 3/4" * 1" enlargement .47'
1 1" * 3/4" contraction .47'
1 reducer 3/4" * 1/2" .55'
5.89'
L = 5.89 * 12 + 36.5 +4+4 = 115.2 inches = 292.6 cm
2(.0069)(292.6cm )(73.68— )2 
Zwy f o r  3 /4  in ch e s  p ip e  - ^ / T ,  a m ------------------------------------------ sec_  _ 10.69 cm
8c °  (9 .8— )(1 0 0 — )(2 .093 cm )
sec2 m
For 1 "hose
u = ( 253.3 cm3/sec ) { 4 / [( n ) ( 2.54 )2 cm2 ]} = 50.0 cm/sec
147
Re = ( 2.54 cm ) ( 50.0 cm/sec ) ( 1g/cm3 ) / .01 g/cm s = 12,707 
plastic hose ===> smooth pipe 
f = .0072
L = 4 '= 48" = 121.9 cm
,  2(.0072 )(121 .92cm )(S0.0—  )2
he ̂  fo r  1 inch pipe - ^ ^  ^  U - ------------------------------------------— —  - 1.763 cm
Z c D  (9 .8_ !!L .)(100— )(2.S4 cm) 
sec2 m
Ktoto, = 10.69 + 1.763 = 12.45 cm
A —  , A — - 0
2*rc p {  p
Auz/2gc is small ===> 0
nPws = 0
- AP / p = g / gc Az +lwftota, = ( 36.5 in ) ( 2.54 cm/in ) + 12.45 cm
= 92.71 + 12.45 
= 105.2 cm = 41.4 in. = 3.45 ft 
with the shortest pipe row ( 36 1/2 " )  
For the longest pipe row ( 42 3/4 " )
L = 292.6 + (42.75 - 36.5 ) in ( 2.54 cm / in ) = 308.5 cm
2 2(.0069 )(308 ,5cm )(73 .68 — )2
hv , fo r  3/4 inches pipe - ^ f  ^  u— _  —  .  11.27 cm
g ‘ D  (9 .8— )(10 0— )(2.093 cm )
sec2 m
lwf(otal = 11.27 + 1.763 = 13.0 cm
-A P /p  = 92.71 + 13.0
% difference = ( 105.71
148
= 105.71 cm = 41.6 inches = 3.47 ft 
with the longest pipe row ( 42 3/4 " )
105.2 ) / 105.2 * 100% = .485%
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The Agitator Horse Power Requirement Calculation 
The specific gravity of the slurry at 0.0809, 0.160, and 0.240 g/cm (5, 10, and 
15 lb/ft3) glass bead concentrations are as follow.
Sg of glass bead = 2.5, Sg of water = 1.0 
For 0.0809 g/cm3 (5 lb/ft3)
24.86 lb of glass beads are mixed with 36.0 gal of water 
The solid volume is
( 24.86 lb )( 1 / 2.5 )( 1 ft3 / 62.4 lb )( 7.48 gal / ft3 ) = 1.192 gal 
The weight of water is ( 36.0 g a l)( 8.34 lb /gal) = 300 lb 
The total volume = 36.0 + 1.192 = 37.192 gal = 4.972 ft3
. i.o47
a  4.972 y i 3 62.4 lb
For 0.160 g/cm3 (10 lb/ft3)
51.43 lb of glass beads are mixed with 36.0 gal of water 
The solid volume is
( 51.43 lb )( 1 / 2.5 )( 1 ft3 / 62.4 lb )( 7.48 gal / ft3 ) = 2.466 gal 
The weight of water is ( 36.0 g a l)( 8.34 lb /gal) = 300 lb 
The total volume = 36.0 + 2.466 = 38.466 gal = 5.14 ft3
^  . Pa . (300 - , L096
a  5.14 f t 3 62.4 lb
For 0.240 g/cm3 (15 lb/ft3)
151
79.88 lb of glass beads are mixed with 36.0 gal of water 
The solid volume is
(79.88 lb )( 1 /2.5 )( 1 ft3/ 62.4 lb )( 7.48 gal / f t3 ) = 1.192 gal 
The weight of water is ( 36.0 g a l)( 8.34 lb/gal ) = 300 lb 
The total volume = 36.0 + 3.83 = 39.83 gal = 5.325 ft3
p , (300 * 79.88) lb  f t *
S g s l - p „  -  --------------------------   - -- - 1.143
5.325 f t 3 62 .4 lb
Gates [15] developed the following equation for sizing of a pitched-blade 
impeller. The highest specific gravity of the slurry is 1.143 which is the worst 
case design sepecification for the agitator. The diameter of the propeller is 
13.97 cm (5.5 inches)
D  « <
H p  - ( — * - ) 5 N 3 S g s l ■ (— )5 (1725)3 (1 .143) - 3.11 H p  
1000 394
for pitched-blade propeller 
A disc type of propeller is used in this experiment. The disc type of propeller 
has significantly less drag than the pitched-blade propeller. Therefore, it is 
assumed that the disc type propeller only requires half the Hp than the pitched- 
blade propeller.
Hp required = 3.11 / 2 = 1.55 Hp
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Solid Concentration Calculation 
pw = 1.00 g / cm3, ps = 2.50 g / cm3 
Mw + Ms = Mt 
Vw pw + Vs p3 = Mt 
v + v = VTw w v  s w T
VW = VT- V S
Pw( VT - V s ) + psVs = MT 
Ps Vs + Pw Vs = Mt -P w Vt 
Vs ( Ps + Pw ) = Mt -pw VT
v M r  - Pw VT 
Ps '  Pw
c s = m s/ v t
p,
Cs -
(Mr - Pw Vt)
Ps - Pw 
VT
u  {M'  - Vr)2.5 - 1
Vr
Cs= 1.667 ( Mt / V t ) -1.667
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Density Measurement Calculation 
By adding a known amount of insoluable material into a known volume of water, 
the specific gravity of the material can be calculated from the total volume.
For 250 micron glass beads
A.
5.5 ml of water
3.1 g of glass beads
The total volume of glass beads and water is 6.7 ml
3.1 / (  6.7 - 5.5 ) = 2.58 g/cm3
B.
6.2 ml of water
2.3 g of glass beads
The total volume of glass beads and water is 7.2 ml 
2 .3 / (  7.2-6.2 ) = 2.5 g/cm3
C.
7.5 ml of water
4.6 g of glass beads
The total volume of glass beads and water is 9.4 ml
4.6 / ( 9.4 - 7.5 ) = 2.42 g/cm3
Average ps = ( 2.58 + 2.5 + 2.42 ) / 3 = 2.5 a/cm3
For 120 micron of glass beads
A.
9.2 ml of water
3.2 g of glass beads
The total volume of glass beads and water is 10.5 ml 
3 .2 / (  10.5-9.2 ) = 2.46 g/cm3
B.
8.0 ml of water
5.7 g of glass beads
The total volume of glass beads and water is 10.3 ml 
5 .7 / (  10.3-8.0)  = 2.48 g/cm3
C.
6.8 ml of water
6.2 g of glass beads
The total volume of glass beads and water is 9.2 ml 
6 .2 / ( 9 .2 - 6 .8 )  = 2.58 g/cm3
Average ps = ( 2.58 + 2.5 + 2.42 ) 13  = 2.5 g/cm3
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Calculation For The Required Amount of Glass Beads 
The calculation for the amount of the glass beads to add into 36.0 gallons of 
water to obtain 0.0809, 0.160, and 0.240 g/cm3 (5, 10, and 15 lb/ft3) slurry 
concentration is shown below.
Cs = M5/ V t = Ms/ ( V w + Vs ), Vs = Ms/ p s 
Cs = Ms/ ( V w+Ms/ p s )
Cs( Vw +MS / ps ) = Ms 
CSVW +CSMS / ps = Ms 
CSVW = Ms + CSMS / ps
c v
M .  -  1 *
i . S
P .
36.0 gallons of water = 4.813 ft3 , water weight = 300.4 lb 
ps = ( 2.5 )( 62.4 lb/ft3 ) = 156.0 lb/ft3
For 0.0809 g/cm3 (5 lb/ft3)
m .  -
c. v.„ (5X 4.813)
i . £ i  i
Ps
.  24.86 lb ■ 11,277.16 g
156.0
wt% = 24.86 / ( 300.4 + 24.86 ) = 7.64% 
For 0.1602 g/cm3 (10 lb/ft3)
M  - C ‘  Vw - O 0)(4 .8 13 ) _ 5] 43 w  _ 23>326 73
i . E i  i- 10
p 156.0
wt% = 51.43 / ( 300.4 + 51.43 ) = 14.6% 
For 0.2403 g/cm3 (15 lb/ft3)
M  ■ C ‘  Vy> - 05 )(4 .813  ) _ ?9 g8 /b _ 36 230.89
'  i . E i
P i 156.0
wt% = 79.88 / ( 300.4 + 79.88 ) = 21.0%
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Pump Requirement Calculation 
The water only at 172 kPa (25 psi) experimental run has the highest flow rate 
==> 5909 ml/sec
5909 ml/sec = 93.65 gpm 
For 2" schedule 40 PVC pipe
2" schedule 40 PVC pipe has inside diameter of 5.25 cm 
u = ( 5909 cm3/sec ) { 4 / [( n ) ( 5.25 )2 cm2 ]} = 272.96 cm/sec 
Re = ( 5.25 cm )( 272.96 cm/sec ) ( 1g/cm3) / .01 g/cm s = 143,306 
PVC pipe ===> smooth pipe 
f = .0042
quantity description Le
2 90 elbow 2 (5.2’ )
2 2” ball valve 2 ( 1 .5 ’ )
13.4'
L = 13.4 * 12 + 9 +22+18 + 29 = 238.8 inches = 606.552 cm
,  2(.0042 )(606,6cm )(272 .96 — )2
, j- *  . 2 f  L  u sec _s fo r  2 inches pipe - —  ----------  -   - H  .8 cm
8c D  (9 .8—  )(100—  )(5.25 cm)
sec2 m
For 3/4" pipe
mean u = 63.6 cm/sec 
mean Re = 13,314 
f = .0072
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L = ( 292.6 + 308.5 ) / 2 = 300.6 cm
,  2(.0072 )(300 .6cm )(63 .6— )2
» y OM • > 2 f  L  u sec „  „I ty j- fo r  3 /4  m c / i»    -     -  8 .5 3  cm
S c D  (9 .8 -^ - ) (1 0 0  — X2.093 cm) 
sec2 m
For 1 "hose
u = ( 218.87 crrvVsec ) {4  / [( n ) ( 2.54 )2 cm2 ]} = 43.19 cm/sec 
Re = ( 2.54 cm ) ( 43.19 cm/sec ) ( 1g/cm3) 1 .01 g/cm s = 10,970 
plastic hose ===> smooth pipe 
f = .0075
L = 4 '= 48" = 121.9 cm
2 2(.0075 )(12 1 .92 cm )(43 .19 — )2
Iw j  fo r  1 inch pipe - ^  ^  U— .  -------------------------------------------- — —  - 1.37 cm
g ' D  (9 .8 — )(100 — )(2.54 cm)
sec2 m
lwf total = 7 3 8  + 853 + 1.37 = 83.7 cm
A - l l . l A i .  a  — . / w , .  t i iP i - o 
ge p f  p
Au2/2gc is small ===> 0 
- AP / p = 0
npWs = g / gc Az +lwftota, = ( 45.625 in ) ( 2.54 cm/in ) + 83.7 cm
= 199.6 cm = 78.6 in. = 6.55 ft 
6.55 ft of head is required of the pump output
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The Experimental Measurement Error Analysis 
Volume measurement ===> 1000 ml graduated cylinder with 10 ml increment 
All the samples taken has less than 1000 ml of volume.
The uncertainty of the equipment is ±5 ml 
% error = 5 ml /1000 ml = ±0.5%
Weight measurement ===>electronic weight scale that read up to 2000.00 g with 
.01 g increment
Most of the samples taken are less than 1000 g 
The uncertainty of the equipment is ±0.005 g 
% error = .005g /1000 g = ±0.0005%
Time measurement ===> stop watch that can read .01 seconds
Due to the limitation of human respond time, ±0.5 seconds uncertainty is 
chosen.
Most of data are collected within 5 seconds.
% error = 0.5 seconds / 5 seconds = ±10%
Density===> from the manufacturer's specification and confirmed in the 
laboratory ( see Appendix 5 )
The glass beads density is 2.50 g/cm3 
The uncertainty is 0.005 g/cm3
% error = 0.005 / 2.5 = ±0.2%
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Flow rate accuracy
Q = V (1 ± 0.005) / T (1 ±0.1)
===> 1.005 /1.1 = 0.9136 ===> 1 - 0.9136 = 8.63 %
===> 0.995/0.9 = 1.105 ===> 1 -1.105 = 10.6%
%  error for Q = ± 10.6 %
Concentration Accuracy
C = 2.5 (1 ± 0.002) * M (1 ± 0.000005) / {1.5 (1 ± 0.002) * V(1 ± 0.005)} 
===> (1,002)(1.000005) / {(1,002)(1 -005)} = 0.995 
===> 1 - 0.995 = 0.5 %
===> (0.998)(0.999995) / {(0.998)(0.995)} = 1.005 
===> 1 - 1.005 = 0.5 %
% error for C = ± 0.5 %
